Introduction
A typical wind turbine blade joint is manufactured of a structural adhesive layer that is bonding two glass fiber laminated shells meaning that the structural adhesive is constrained in-between stiffer laminates. This is exemplified in Figure 1 (A) for a trailing-edge joint in a wind turbine blade.
Observations from full scale blade tests of this joint with tensile stresses, σ yy,2 , in the adhesive, show that cracks can initiate at the free-edge and propagate through the adhesive layer as a so-called tunneling crack. The tunneling crack is constrained by the laminates as shown in the sketch in Figure   1 (A) and the photo in Figure 1 Novel models are desired for establishing design rules for an improved joint design in order to prevent tunneling cracks propagating across the wind turbine blade joint in Figure 1 (A). An improved joint design aims at decreasing the energy release rate for tunneling cracks in the joint and thus enable a reduction in the amount of reinforcement needed in the laminates. This leads to a reduction in blade mass and thus a decrease in the cost of energy since lighter blades are more efficient and can save structural reinforcement in the other wind turbine components e.g. nacelle, hub, tower and foundation [1] .
Generally, the process of tunneling crack propagation includes three-dimensional effects. However, when the crack in Figure 1 (A) reaches a certain length from the edge (in z-direction), the energy release rate becomes steady-state meaning that the energy release rate no longer depends on the crack length. The problem of steady-state propagation of a tunneling crack was analysed for an isotropic bi-material model by Ho and Suo [2, 3] . Although tunneling cracking is a 3D problem, the steady-state energy release rate, can be determined exact from a 2D solution by [2, 3] :
where σ yy,2 is the far field stress in the cracked adhesive layer (uniform applied stress) and the adhesive thickness is 2h 2 according to Figure 1 . δ cod (x) is the crack opening displacement profile for the plane strain crack far behind the crack front. For the elementary case of a central crack in an infinitely large plate subjected to remote tensile stresses (Griffith crack), the crack opening displacement is [3] : 
This asymptotic limit, established by Ho and Suo [2, 3] in equation 3, is representing the mode-I steadystate energy release rate of a tunneling crack in a homogenous structure with infinitely thick substrates.
Therefore, it is convenient to normalise other energy release rate results with this elementary case i.e.
[(σ
The tunneling crack models by Ho and Suo [2, 3] were extended to account for debonding [4, 5, 6] , transient effects for short crack lengths [7] (although first demonstrated for thin film [8, 9] ) and material orthotropy [10, 11] . Yang et al. [10] studied the effect of ply angles on the critical stress to propagate a tunneling crack embedded in the central layer of a carbon-epoxy laminate. It was found that the critical stress to propagate the tunneling crack were highest when the uni-directional fibers were oriented perpendicular to the tunneling crack i.e. fibers oriented in the y-direction in Figure 1 . Beom et al. [11] presented results for the case where only the adhesive layer was modelled with material orthotropy i.e. the modelling results were limited to substrates with isotropic material properties of infinitely thickness.
In a wind turbine blade joint the adhesive can be assumed isotropic, but the substrates consist of several layers of different type, typically uni-directional-(UD) and bi-axial (Biax) glass-fiber layers as exemplified in Figure 1 (B-C). The in-plane orthotropy of these materials can be described by two dimensionless parameters [12] :
which reduces to λ = ρ = 1 for an isotropic material [12] . The material directions of the laminate are in accordance with the coordinate system in Figure 1 , where E xx and E yy are the Young's modulus, G xy is the shear modulus, and ν xy and ν yx are the Poisson's ratio.
The substrates, constraining the adhesive, can be modified in order to prevent the propagation of tunneling cracks since the substrates are layered composite materials. Thus, one way of improving the adhesive joint design is to modify the ply-thickness and stiffness of the individual layers of the laminates. However, modification of the original layup might have a negative effect on the existing blade design that is designed such that the joint can withstand the various other load cases e.g.
bending, compression and torsion.
Another way to prevent tunneling crack propagation across the adhesive layer of the joint is to add a new layer, called a buffer-layer, near the adhesive and control the properties of this layer. The buffer-layer design philosophy is attractive since the original joint design can be maintained and at the same time, by adding the buffer-layer, the joint design can be improved against the propagation of tunneling cracks. Furthermore, it is well known for thin films that it is the thickness and stiffness of the layer closest to the adhesive that has the greatest constraining effect on the crack [13] .
The objective of this research is to study the effect of in-plane stiffness, E, and layer-thickness, h, on the steady-state energy release rate, G ss , using finite element (FE) models. More specifically, it is the aim to determine the effect of a buffer-layer on the steady-state energy release rate for an isolated tunneling crack in the adhesive layer of a wind turbine blade joint. This should lead to design rules for an improved bonded joint design. The primary applicability is for wind turbine blade relevant joint design and -material combinations since there is a high demand for novel design rules for adhesive joints in the wind turbine blade industry.
The design idea of a buffer-layer for improvement of a wind turbine blade joint is novel and the implications and effects of this buffer-layer need to be investigated before potential implementation in the future joint design. Therefore, parameter studies with a new symmetric tri-material FE model is used to address the design challenge. Furthermore, the study of steady-state tunnel cracking for a multi-layered sandwich structure with orthotropic substrates has not been addressed in the literature.
This includes the applicability on wind turbine blade joints with realistic material combinations.
The paper is organised as follows. In section 2 the materials and the problem are defined, and in section 3 the finite element modelling techniques are described. Hereafter, tunneling cracking in a generalised perspective is analysed using first bi-material FE models in section 4 and tri-material FE models in section 5 (see Figure 2 ). In section 6, a case study with blade relevant materials demonstrates how a wind turbine blade joint design are influenced by the presence of a buffer-layer including the effect of material orthotropy. Finally, a discussion and conclusion highlights the major findings of the present study.
Problem definition
The problem we investigate in the present study is that of an isolated tunneling crack in Figure   2 (A), which is used to clarify the effect of substrate stiffness-and thickness, and used to test the implementation of the numerical models. This model is extended by embedding a buffer-layer, named material #3 in Figure 2 (B), to analyse the effect of buffer-layer thickness and -stiffness on the steady-state energy release rate of a tunneling crack. The model is limited to three layers since more layers complicate the modelling unnecessarily. The effect of material orthotropy of the substrates is investigated in order to test whether it is feasible to model blade relevant materials as isotropic materials.
Since stress is applied as boundary condition in the tunneling crack models, Dundurs' parameters 5 can be introduced to reduce the number of elastic parameters controlling the stress field [14, 15] :
For the bi-material model in Figure 2 (A), i = 1 represents the substrate and for the tri-material model in Figure 2 (B), i = 1, 3 denotes the substrate and buffer-layer respectively. ν i is Poisson's ratio and
are for plane strain, andĒ i = E i and f (ν i ) = (1 − 2ν i )/2 are for plane stress. The Young's modulus of the UD composite in the fiber direction, E yy , is used for the computation of α for the orthotropic materials. The primary stiffness of a bi-axial glass fiber laminate (Glass Biax), a uni-directional glass fiber laminate (Glass UD) and a uni-directional carbon-fiber laminate (Carbon UD) are used in the present study. These materials, referred to as "blade relevant materials", are modelled as both isotropic and orthotropic with the material parameters presented in Table 1 . The constitutive properties of Glass UD and Glass Biax laminates are comparable to those presented by Leong et al. [16] , whereas for the Carbon UD laminate the properties are close to those of the carbon-epoxy laminate used by Yang et al.
[10]. The in-plane stiffness, E yy , for Glass UD and Carbon UD are also comparable to the values used in the wind turbine blade design by Mikkelsen [17] . For the cases with isotropic materials (λ = ρ = 1), the Young's modulus of the substrate, E 1 , is set equal to the Young's modulus of a UD composite in the fiber direction, E yy , since this is the primary stiffness parameter constraining the crack. For all models the adhesive is modelled as isotropic and ν i = 1/3 such that for plane strain 
Finite element modelling of a tunneling crack
In the present study δ cod (x) in equation 1 is determined by a 2D FE model with eight-noded plane strain elements simulated in Abaqus CAE 6.14 (Dassault Systemes). Numerical integration is used to evaluate the integral in equation 1. The steady-state energy release rate, G ss , for the tunneling crack in the bi-material structure, shown in Figure 2 (A), is determined by:
where F (α 12 , β 12 , h 1 /h 2 ) is a non-dimensional function, determined numerically, that accounts for the stiffness mismatch and geometry [2] . The steady-state energy release rate for the tunneling crack in the tri-material structure, shown in Figure 2 (B), can be written as:
where again the non-dimensional function, F , is determined numerically. For both the bi-and trimaterial models, the smallest element side length is 0.025h 2 and approximately 80 elements (eightnoded plane strain) are used across the thickness of the adhesive. and Suo [2] shows that the maximum deviation is below 2%, which indicates that the numerical implementation is sufficiently accurate. The maximum deviation is identified for very compliant substrates.
Results from tunneling crack bi-material FE model
For α 12 = 0.0 in Figure 3 (A) , the deviation between the numerical solution and the asymptotic limit (Ho and Suo [2] ) of π/4 in equation 3 is less than 0.3% when h 1 /h 2 ≥ 6.0. Furthermore, Figure 3 (A)
shows that for decreasing elastic mismatch, α 12 , the larger h 1 /h 2 must be for G ss to reach a constant value. In Figure 3 (B) an approximate asymptotic limit is identified; when α 12 → 1.0 and for Glass Biax, Glass UD and Carbon UD, respectively.
For orthotropic Glass Biax (for which ρ < 1.0 i.e. the shear modulus, G xy , is larger for the orthotropic material than for the corresponding isotropic material) the curve in Figure 4 is slightly 8 below the curve of the isotropic material. For Glass UD and Carbon UD where ρ > 1.0, the energy release rate is higher for the orthotropic case than for the isotropic case. Figure 5 illustrates the influence of buffer-layer thickness and -stiffness on G ss when h 1 /h 2 = 1.0.
Results from tri-material FE model -generalised joint design
For all cases in Figure 5 it is evident that an increase in α 32 decreases G ss . It is seen that an increase of buffer-layer thickness, h 3 /h 2 , decreases G ss if α 32 α 12 . Note, that the limit values indicated by arrows in Figure 5 are determined using the bi-material FE model at h 3 /h 2 = 10. These limit values are identical to the results from the bi-material FE model in Figure 3 at h 1 /h 2 = 10 indicating that for high buffer-layer thickness, the buffer-layer is the primary layer controlling G ss (not the substrate). Further design curves are presented in Figure 6 where α 32 is varied for different h 3 /h 2 and α 12 .
The design curves in Figure 6 for each stiffness mismatch, α 12 , intersect at a specific point, namely the "point of intersection" (PoI) that is marked with "X" in Figure 6 . On the right hand side of the "point of intersection" (α 32 > PoI), it is advantageous to increase the buffer-layer thickness, whereas on the left hand side of the "point of intersection" (α 32 < PoI), it is advantageous to decrease the buffer-layer thickness. It is also evident from Figure 6 that with increasing α 12 the "point of intersection" moves to the right (to a larger α 32 value). The best choice (i.e. the one that gives the lowest energy-release rate) of buffer-layer thickness and stiffness depends on the stiffness of the basis substrate, α 12 . Without prior knowledge of the modeling result it would be expected that the stiffness of the buffer-layer should be a least the stiffness of the substrate in order to reduce the energy release rate. However, the value of α 32 at the "point of intersection" is less than the value of α 12 in the models in Figure 6 . For instance, it is seen in Figure   6 (C) that the PoI is located at α 32 ≈ 0.25, whereas α 12 = 0.5 for the model in Figure 6 (C). Thus, the "point of intersection" must be determined accurately in order to ensure that G ss decreases with increasing h 3 /h 2 . An additional study of the transition at the "point of intersection" is presented in Appendix A. In the overall picture, changing the stiffness of the basis substrate (α 12 ) has a small effect on the steady-state energy release rate of the tunneling crack.
Results for case study with blade relevant materials
The parametric 2D plane strain FE model of an isolated tunneling crack with a buffer-layer, denoted material #3 in Figure 7 , is used to investigate the effect of buffer-layer thickness and -stiffness on G ss for blade relevant material combinations including the effect of material orthotropy. The stiffness of the substrate (material #1) is equal to that of Glass UD (α 12 = 0.85).
First the results for the case where the stiffness of the buffer-layer (material #3) is similar to that of Glass Biax (α 32 = 0.54) is presented. The curves in Figure 7 for Glass Biax shows that an increase of the buffer-layer thickness, h 3 , actually increases G ss although the total thickness of the substrate (h 1 + h 3 ) becomes larger. This can be understood in that with increasing h 3 , the stiffer material #1
is moved further away from the tunneling crack tip hence reducing the constraint, but also by the decreased stiffness of the layer closest to the adhesive. The thickness, h 3 , of material #3 is varied and the results show that a design for reducing G ss would consist of a thick and stiff layer closest to the adhesive e.g. a Carbon UD laminate. G ss is decreased by approx. 5% for by adding the carbon UD buffer-layer with thickness h 3 /h 2 = 1.0 to the Glass UD substrate (h 1 /h 2 = 1.0). The largest deviation between Carbon UD isotropic and -orthotropic is approximately 7%, whereas the largest deviation between buffer-layers of Glass Biax and Carbon UD (isotropic) in Figure 7 is about 18%. Note, that the limit values indicated by arrows in Figure 7 are determined using the results of the bi-material FE model at h 3 /h 2 = 10 in Figure 4 .
The results in Figure 7 for Carbon UD can also be used to determine the best compromise between buffer-layer thickness, -stiffness, and -price since too many Carbon UD layers would be costly in comparison with the constraining effect achieved. However, adding Carbon UD layers to an already stiff Glass UD laminate will only decrease G ss by approx. up to 6-10% according to Figure 7 . Instead, since the steady-state energy release rate scales linearly with the thickness of the adhesive layer, see equation 7, for the present case, it is more effective to decrease the energy release rate by decreasing the thickness of the adhesive layer.
Discussions
The implications and effects of the buffer-layer are discussed. In order to design a reliable adhesive joint, specific requirements for the properties of the buffer-layer must be set. If the tunneling crack initially confined in the adhesive, shown in Figure 8 (A), extends through the buffer-layer (Figure 8 (B) ) then the energy release rate of the tunneling crack becomes higher since both the thickness-and the stiffness of the cracked layer increase (if E 3 > E 2 ). Thus, cracking through the buffer-layer increases the steady-state energy release rate of the tunneling crack dramatically. Therefore, the strength and fracture toughness of the buffer-layer must be sufficiently high to avoid cracking during the tunneling crack propagation across the bondline. Fortunately, laminates used in wind turbine blades have both higher stiffness and -strength than the typical structural adhesives used in wind turbine blades. Models for crack penetration of interlayers are available in the literature [18, 19, 20] ; they can be used to set the requirements for the additional material properties of the buffer-layer. If the buffer-layer is a composite material with long aligned fibres, then it will be unlikely that a crack penetrates through the buffer-layer as a sharp crack. Instead, the tunneling crack will more likely cause damage to a larger zone and initiate splitting and delaminations of the laminates. The load required to propagate a tunneling crack is lower than the load to initiate a tunneling crack from a small void in the adhesive [2] . Thus, the use of the tunneling models as design criteria for bondlines containing voids (no real sharp cracks) is regarded as being conservative. Furthermore, if a tunneling crack initiates at a free edge then the tunneling crack must reach a certain length (dependent on elastic mismatch) to become steady-state [7] . The energy release rate increases with crack length until the steady-state value is attained [2] , which is another reason why the steady-state tunneling crack models are conservative.
For future work, the tri-material model in the present study may be extended to include the effect of adhesive-laminate debonding for both static and cyclic loadings [5, 6, 4] and extended to include multiple cracking [2, 21] .
Conclusions
Generally, it was found favourable to embed a buffer-layer near the adhesive with controllable thickness-and stiffness properties in order to improve the joint design against the propagation of tunneling cracks. The results from the tri-material FE model showed that it was desirable to increase the thickness of the buffer-layer if the stiffness of the buffer-layer is higher than the "point of intersection"
in Figure 6 . In any case, it was advantageous to increase the stiffness of the buffer-layer in order to decrease the energy release rate of the tunneling crack.
For blade relevant materials, the effect of material orthotropy on the steady-state energy release rate was found to be relatively small (2-7%). Similarly, the effect of using a Carbon UD laminate as buffer-layer was relatively small (6-10%) since the stiffness of the original Glass UD laminate was already high. Instead, it is proposed to reduce the thickness of the adhesive layer in the wind turbine blade joint. It is of interest that a peak in Figure A. 10 (A-G) exists since it is typically desired to minimise or maximise the energy release rate dependent on the application. 
